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CONFIDENTIAL  ABSTRACT 


The  objective  of  this  contract  is  to  conduct  theoretical  and  experi¬ 
mental  investigations  resulting  in  the  demonstration  of  beryllium  hydride 
(IMH-2)  solid  propellants  delivering  in  excess  of  280  lbf-sec/lbm  at 
standard  conditions.  The  program  consists  of  three  tasks:  Task  I,  Analysis 
and  Data  Correlation;  Task  II.  Formulation  and  Ballistic  Evaluation;  and 
Task  III,  Advanced  Concepts. 

During  the  first  quarter,  data  correlations  were  completed  under  Task  1 
and  IMH-2  formulations  were  designed  which  were  predicted  to  meet  the  pro¬ 
gram  objective.  In  addition,  beryllium  analog  formulations  of  the  proposed 
IMH-2  systems  were  also  designed  for  formulation  screening. 

Under  the  Task  II  effort  during  this  quarter,  thirty-four  15-lb  castings 
and  fifty-one  firings  of  the  beryllium  formulations  were  made  completing 
the  bulk  of  the  beryllium  efficiency  studies.  Results  of  this  testing  con¬ 
firm  the  earlier  correlations  showing  high  oxidation  ratio  and  high  flame 
temperature  to  be  significant  factors  in  obtaining  good  efficiency  with 
beryllium  propellants.  The  highest  efficiencies  obtained  (93.6  percent) 
were  from  the  VIK  formulation  containing  15.5  percent  Be  and  having  a  flame 
temperature  of  4109°  K  and  an  oxidation  ratio  of  1.27.  Low-metal  (10  to  12 
percent  Be)  AP/HMX  systems  showed  no  loss  in  efficiency  with  decreasing 
pressure,  whereas  high-metal  (14  to  15.5  percent  Be)  AP  systems  showed 
efficiency  losses  with  decreasing  pressure.  Decreasing  the  nozzle  approach 
angle  and  reducing  AP  particle  size  improved  the  efficiency  of  Be  propellants. 

Six  IMH-2  castings  of  VTT  formulation  (17  percent  IMH-2)  were  success¬ 
fully  completed.  Three  of  the  grains  contained  wax-treated  IMH-2  and  three 
contained  AP -treated  IMH-2. 

One  IMH-2  firing  of  the  VIY  formulation  (17  percent  wax-treated  IMH-2) 
gave  a  delivered  IspJqqq  value  of  278.6,  and  one  firing  of  VII  with  AP- 

tr eated  IMH-2  gave  an  IspJq00  value  of  275.4.  Both  firings  were  made  at 
relatively  low  L*  values  ( ~ 120) . 

Vacuum  baking  and  air  desorption  were  found  to  be  necessary  to  elimi¬ 
nate  porosity  from  propellants  made  with  "as  received"  IMH-2.  Vacuum 
baking  coupled  with  wax  treating  or  AP  treating  were  also  effective  means 
of  eliminating  porosity. 

AP  treating  and  wax  treating  continued  to  be  effective  means  of  im¬ 
proving  processibility  of  IMH-2  propellants. 
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SECTION  I 
INTRODUCTION 


A.  OBJECTIVE 

The  objective  of  this  program  is  to  conduct  theoretical  and  experi¬ 
mental  investigations  resulting  in  the  demonstration  of  beryllium  hydride 
(IMH-2)  solid  propellants  delivering  a  specific  impulse  in  excess  of 
280  lb-sec/lb  at  standard  conditions. 

Solid  propellants  containing  IMH-2  have  a  theoretical  specific  impulse 
up  to  30  sec  greater  than  that  of  beryllium-containing  propellants.  Thus 
far  the  firings  of  test  motors  containing  IMH-2  propellants  have  not  yielded 
the  expected  gain  in  delivered  specific  impulse.  Motor  and  propellant  para¬ 
meters  of  chamber  temperature,  chamber  pressure,  mass  flow  rate,  expansion 
ratio,  oxidation  ratio,  oxidizer  particle  size,  hydride  content,  metal/ 
hydride  ratio,  and  total  metal  content  have  been  investigated  under  various 
government  contracts  over  the  past  2  years.  Although  much  has  been  learned 
about  IMH-2  propellants  during  this  period,  the  high  specific  impulse 
promised  by  the  hydride  has  not  been  realized.  More  research  is  required 
on  these  propellants  before  they  can  be  efficiently  utilized  in  large 
motors . 

B.  SCOPE 

The  program  is  a  three-task  effort.  In  task  I,  the  results  of  pre¬ 
vious  beryllium  and  IMH-2  firings  will  be  correlated  to  define  the  para¬ 
meters  important  for  higher  delivered  impulses .  The  results  of  this  effort 
will  be  applied  in  task  II  to  formulate  and  test  candidate  high-performance 
propellant  systems.  The  objective  of  the  task  III  effort  will  be  to  use 
advanced  formulation  or  motor  techniques  to  study  and/or  improve  IMH-2 
combustion. 
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SECTION  II 

TASK  I,  ANALYSIS  AND  DATA  CORRELATION 


A.  SCOPE 

The  objective  of  this  task  is  to  evaluate  and  correlate  available 
beryllium  and  IMH-2  firings.  Particular  emphasis  will  be  placed  on  the 
correlation  of  motor  efficiency  with  motor  and  formulation  variables. 
Theoretical  specific  impulse  calculations  will  be  conducted  on  a  wide 
variety  of  formulations  to  establish  the  relationship  between  propellant 
parameters  and  theoretical  performance  of  beryllium  and  IMH-2  propellants. 
Based  on  the  motor  efficiency  correlations  and  theoretical  performance 
calculations,  formulations  will  be  designed  which  are  predicted  to  deliver 
specific  impulse  values  capable  of  meeting  the  program  objectives.  In 
addition  to  the  advanced  formulation  effort,  propellants  will  be  investi¬ 
gated  to  supplement  or  verify  reported  data  on  current  beryllium  and  IMH-2 
formulations.  The  performance  of  beryllium  systems  containing  high  metal 
levels  equivalent  to  those  in  high  energy  IMH-2  systems  will  also  be  investi¬ 
gated. 

B.  DATA  CORRELATIONS 

As  reported  in  the  first  quarterly  report,1  a  literature  survey  was 
conducted  and  available  data  on  the  impulse  efficiency  of  beryllium  and 
IMH-2  motor  firings  were  correlated  on  the  basis  of  motor  and  propellant 
parameters . 

In  summary,  the  following  factors  were  found  to  be  important  in  influenc¬ 
ing  the  motor  efficiency  of  beryllium  and  IMH-2  propellants: 

(1)  High  flame  temperature  and  high  oxidation  ratio  propellants 
show  no  loss  in  efficiency  with  decreasing  pressure  down  to 
500  psia. 

(2)  Low  flame  temperature  or  low  oxidation  ratio  propellants 
show  loss  in  efficiency  with  decreasing  pressure.  This 
effect  could  not  be  completely  separated  from  mass  flow  or 
residence  time  effects  on  efficiency. 

(3)  Both  beryllium  and  IMH-2  propellants  show  a  strong  dependence 
on  high  flame  temperatures  for  good  efficiency. 

(4)  Oxidation  ratio  has  a  strong  effect  on  the  efficiency  of 
low  temperature  beryllium  propellants.  There  is  an  indica¬ 
tion  that  oxidation  ratio  is  important  for  IMH-2  efficiency, 
but  only  a  general  trend  could  be  obtained. 


^Development  and  Test  of  High  Energy  Solid  Propellants,  Report  No.  HPC- 
230-12-5-1,  dated  28  October  1965 
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(5)  Correlations  based  on  total  IMH-2  content  show  a  loss  in 
efficiency  at  high  hydride  loadings  (greater  than  15  percent). 

(6)  More  intimate  contact  of  oxidizer  and  fuel  in  LMH-2  systems 
should  improve  efficiency  based  on  efficiency  effects  of 
AP  particle  size,  AP /LMH-2  ratios,  and  ground  LMH-2. 

The  importance  of  flame  temperature  on  obtaining  good  efficiencies 
with  beryllium  and  IMH-2  propellants  is  illustrated  in  Figures  1  and  2, 
respectively. 

C.  FORMULATION  AND  TEST  DESIGN 

The  correlations  show  several  areas  in  which  further  investigation  is 
needed  before  reliable  predictions  can  be  made  for  the  performance  of  both 
beryllium  and  IMH-2  propellants.  In  general,  the  beryllium  correlations 
are  significantly  better  than  for  IMH-2  systems.  Additional  beryllium 
testing  is  still  needed  In  the  following  areas  for  further  clarification 
of  propellant  parameters  on  impulse  efficiency: 

(1)  High  metal  levels  (>15.5  percent)  at  high  flame  tempera¬ 
tures  and  oxidation  ratios 

(2)  High  metal  levels  and  high  flame  temperatures  at  low  oxida¬ 
tion  ratios 

(3)  Evaluation  of  oxidizers  different  from  AP  and  HMX,  such  as 
AN  and  TAGNO3 

(4)  Additional  testing  at  high  oxidation  ratios  and  high  flame 
temperatures  for  determining  the  effect  of  AP  particle  size 


Further  testing  is  also  needed  in  the  following  areas  for  clarifica¬ 
tion  of  motor  parameters: 

(1)  Optimization  of  nozzle  geometry  at  high  metal  levels 

(2)  Increased  L*  studies  for  both  efficient  and  inefficient 
beryllium  propellants  and  IMH-2  propellants 


For  IMH-2  systems,  the  following  testing  is  needed  to  clarify  propel¬ 
lant  parameters: 

(1)  High  IMH-2  loadings  at  flame  temperatures  in  excess  of 
3600°  K  and  at  high  oxidation  ratios 

(2)  Comparative  evaluation  of  AP,  AN,  and  HMX  oxidizers 


CONFIDENTIAL 


CONFIDENTIAL 


(iNHoaaa)  xoNaioxias  asioara  oxaioaas 


4 

CONFIDENTIAL 


Figure  1.  Effect  of  Chamber  Temperature  and  Oxidation  Ratio  on 
Specific  Impulse  Efficiency  of  Beryllium  Propellants 
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(3)  More  intimate  contact  between  oxidizer  and  IMH-2 

(4)  Addition  of  fluorine  to  IMH-2  as  a  combustion  aid 


The  Task  II  and  Task  III  effort  is  designed  to  clarify  these  areas  for 
beryllium  and  IMH-2  propellants. 

Table  I  shows  a  list  of  the  beryllium  formulations  chosen  for  testing 
to  better  define  the  effect  of  propellant  parameters  on  performance.  VIH 
propellant  was  designed  to  have  the  same  metal  level  and  oxidation  ratio 
as  the  proposed  19-percent  IMH-2/AP  formulation.  VII  was  formulated  to 
demonstrate  the  effect  on  efficiency  due  to  decreasing  oxidation  ratio  in 
a  high  metal  level  propellant.  VU  was  formulated  to  show  the  effect  on 
efficiency  of  the  AP:Be  ratio  at  a  constant  metal  level,  flame  temperature, 
and  oxidation  ratio.  VU  was  also  formulated  with  45|i  and  180ft  AP  to 
demonstrate  the  effect  of  AP  particle  size  on  impulse  efficiency  thus  pro¬ 
viding  the  performance  trade-off  between  AP  particle  size  and  IMH-2 
loadings  necessary  to  optimize  delivered  impulse.  VXK,  VIL,  VIM,  and  VU? 
represent  the  beryllium  analogs  of  the  17  percent  IMH-2,  AP;  15  percent 
IMH-2,  AP,  HMX;  19  percent  IMH-2,  AN;  and  17  percent  IMH-2,  AN  formulations, 
respectively,  in  both  metal  level  and  oxidation  ratio.  VIO  was  designed 
to  determine  the  effect  of  oxidation  ratio  on  efficiency  at  low  metal 
levels,  and  VIG  was  formulated  to  evaluate  TAGNO3  as  an  oxidizer. 


Based  on  the  theoretical  calculations  and  using  the  temperature  cor¬ 
relation  derived  in  Figure  2,  six  candidate  LMH-2  formulations  were  chosen 
which  are  designed  to  confirm  the  expected  efficiency  envelope  and  to  attain 
the  program  objective  of  a  demonstrated  ISp  2  280  sec.  Table  II  contains 
the  IMH-2  propellants  together  with  the  theoretical  and  predicted  performance 
values . 

Additional  testing  to  determine  the  effect  of  motor  parameters  or. 
the  performance  of  beryllium  and  IMH-2  propellants  will  also  be  accomplished 
in  Task  II  as  follows: 


Motor  Parameter  Formulation  Number  of  Firings 


Nozzle  Approach  Angle 
15°  Approach 
15°  Approach 
5°  Approach 
5°  Approach 

High  L* 

High  L* 

High  L* 


VCP  2 

VU  4 

VCP  2 

VU  4 

VCP  2 

VII  2 

VTY  10 
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D.  PROGRAM  DATA  ANALYSIS 
1.  Beryllium  Firings 

During  the  third  quarter,  the  bulk  of  the  scheduled  beryllium 
152C  motor  firings  were  completed  and  analysis  of  the  resulting  data  was 
initiated. 


The  following  parameters  were  considered: 

(a)  Propellant  parameters: 

(1)  Flame  temperature 

(2)  Oxidation  ratio 

(3)  Metal  level 

(A)  A P  particle  size 

(b)  Motor  parameters: 

(1)  Chamber  pressure 

(2)  Mass  flow  rate 

(3)  L* 

(4)  Nozzle  approach  angle 

A  complete  summary  of  individual  firings  is  given  in  Section  III. 
Table  III  contains  a  summary  of  these  data.  A  least  squares  analysis  was 
performed  on  the  beryllium  efficiency  firings  for  chamber  pressure  effects. 
(The  data  from  this  analysis  are  summarized  in  Table  III.)  This  analysis 
allowed  accurate  comparison  of  all  propellants  tested  at  1000  psia  chamber 
pressure.  In  addition,  efficiencies  for  the  selected  propellants  speci¬ 
fically  tested  for  pressure  effects  are  summarized  at  500  psia.  Conclusions 
based  on  these  data  are  contained  in  the  following  subparagraphs. 

(a)  Be/AP/HMX  Propellants 

With  Be/AP/HMX  propellants,  the  highest  efficiency 
at  1000  psia  was  93.6  percent,  which  was  obtained  with  the  high  temperature 
(4109°  K)  and  high  oxidation  ratio  (1.27)  propellant,  VIK.  Increasing 
the  oxidation  ratio  to  1.38  with  a  decrease  in  metal  level  and  flame  tem¬ 
perature  decreased  efficiency  to  92.6  percent  (YIO  firings).  Decreasing 
the  oxidation  ratio  to  1.05  at  constant  flame  temperature  decreased  the 
efficiency  to  91.0  percent  (VII  firings).  All  of  the  Be/AP/HMX  firings 
appeared  to  fit  the  same  generalized  temperature  and  oxidation  ratio  rela¬ 
tionship  with  impulse  efficiency  developed  in  the  first  quarter’s  work. 
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CSee  Figure  1.)  The  effect  of  flame  temperature  and  oxidation  ratio  on 
efficiency  is  shown  in  Figure  3.  As  noted  from  the  VIO  firings,  high 
efficiencies  can  still  he  maintained  at  lower  flame  temperature  by  in- 
creasing  the  oxidation  ratio.  An  extension  of  the  data  obtained  from  the 
Task  II  firings  to  the  previous  Figure  1  correlation  is  shown  in  Figure  4. 
As  shown  the  Task  II  firings  confirm  the  original  correlation. 


(b)  Metal  Level  Effect 

No  effect  of  metal  level  on  impulse  efficiency  could  be 
determined  at  the  high  pressure  level,  with  the  highest  efficiencies  being 
obtained  at  15.5  percent  beryllium.  Because  of  the  strong  flame  temperature 
dependence  on  metal  loading  coupled  with  the  efficiency-temperature-oxidation 
ratio  effect,  any  metal  level  effect  would  probably  be  obscured. 

(c)  VCP.  VII.  VU.  VTK.  and  VIL  Propellants 

The  five  propellants,  VCP,  VII,  VU,  VIK,  and  VIL,  were 
specifically  tested  for  pressure  effects.  The  correlations  reported  in 
Report  No  HPC-230-12-5-1  had  indicated  that  the  high-flame-temperature, 
high-oxidation-ratio  propellants  showed  little  or  no  efficiency  loss  with 
decreasing  pressure.  It  was  not  possible  in  this  initial  corrc.ation  to 
separate  the  added  effects  of  mass -flow  rate  and  L*.  In  this  program,  the 
mass-flow  rate  was  held  essentially  constant  for  a  given  propellant  at  two 
pressure  levels.  The  effect  of  chamber  pressure  on  impulse  efficiency  for 
the  five  propellants  is  shown  in  Figure  5.  As  shown  the  three  propellants, 
VII  VU,  and  VIK,  showed  efficiency  losses  ranging  from  0.6  to  0.9  percent 
as  the  pressure  was  decreased  from  1000  to  500  psia.  In  contrast  the  CP 
and  VTL  propellants  actually  showed  a  slight  increase  (0.3  to  0.5  percent) 
with  decreasing  pressure.  A  summary  of  the  important  propellant  and  motor 
parameters  is  contained  in  the  following  tabulation: 


Propellant 

Oxidation 

Ratio 

hi 

Be 

Oxidizer 

•CD 

tn 

Eff(2) 

VCP 

1.22 

3850 

10 

AP/HMX 

6. 7-8.4 

130-180 

+0.3 

VIL 

1.24 

4008 

12 

AP/HMX 

9.1-12.1 

100-150 

40.5 

VIJ 

1.17 

4145 

15.5 

AP 

7. 8-9.0 

130-180 

-0.6 

VIK 

1.27 

4109 

14.0 

AP 

10.1-12.1 

86-142 

-0.8 

VII 

1.05 

3971 

15.5 

AP 

6. 0-8.0 

170-260 

-0.9 

(1)  Mass  flow  and  L*  range  covered 

(2)  Efficiency  at  500  psia  minus  efficiency  at  1000  psia 
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Figure  3.  Effect  of  Chamber  Temperature  and  Oxidation  Ratio  on 
Specific  Impulse  Efficiency  of  Task  II  Beryllium 
Propellants 
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Figure  4.  Effect  of  Chamber  Temperature  and  Oxidation  Ratio  on 
Specific  Impulse  Efficiency  of  Beryllium  Propellants 
(Revised) 


SPECIFIC  IMPULSE  EFFICIENCY  (PERCENT)  SPECIFIC  IMPULSE  EFFICIENCY  (PERCENT) 
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Figure  5.  Effect  of  Chamber  Pressure  on  Specific  Impulse 
Efficiency  of  Beryllium  Propellants 

CONFIDENTIAL 


CONFIDENTIAL 


As  shown,  chamber  temperature  and  oxidation  ratio  had 
no  apparent  effect  on  the  pressure  effects  obtained.  Mass-flow  rates  were 
maintained  over  a  narrow  range  for  a  given  propellant,  and  in  addition  mass- 
flow  rates  overlaped  for  most  propellants.  Thus,  mass -flow  rate  is  not  con¬ 
sidered  a  factor  in  the  pressure  effects.  This  leaves  differences  in  metal 
level,  oxygen  source,  and  I*  as  possible  reasons  for  the  observed  pressure 
effects.  Data  from  other  sources  will  be  correlated  in  an  attempt  to  re¬ 
late  the  above  variables  to  the  efficiency  losses  with  decreasing  pressure. 

(d)  Mass  Flow  Rates 


Figure  6  shows  impulse  efficiency  as  a  function  of  mass- 
flow  rate  and  L*  for  the  propellants  tested.  All  of  the  firings,  with  the 
exception  of  the  low-buming-rate  propellant,  VIN  containing  AN,  were  con¬ 
ducted  at  mass-flow  rates  in  excess  of  6  Ib/sec.  The  efficiency  of  the 
control  propellant  VCP,  which  shows  no  pressure  effect,  remained  constant 
over  a  mass-flow  range  of  6  to  8  lb/sec.  The  efficiency  data  for  the 
remainder  of  the  propellants  were  widely  scattered  on  the  mass-flow  plot 
with  a  general  trend  toward  higher  efficiencies  at  the  higher  mass-flow 
rates.  However,  if  only  high  pressure  firings  are  considered,  no  mass-flow 
effect  is  apparent. 


The  data  shown  on  the  L*  plot  in  Figure  6  is  also 
widely  scattered.  However,  certain  trends  appear  to  exist.  In  particular, 
the  three  propellants,  VU,  VIK,  and  VII,  which  show  pressure  effects  also 
show  strong  I*  effects.  A  comparison  of  the  data  from  this  program  with 
the  H*  relation  previously  developed  as  reported  in  Report  No.  HFC-230-12- 
5-1  show  the  higher  temperature  and  oxidation  ratio  propellants,  VIJ  and 
VIK,  maintain  high  efficiencies  at  relatively  low  D*  values.  In  contrast, 
the  high-temperature,  low-oxidation-ratio  propellant  VII  showed  significant 
losses  at  relatively  high  L*  values  and  approximated  the  low-temperature 
and  low-oxidation  curve,  as  shown.  Two  questions  remain  to  be  answered  to 
clarify  the  I*  correlation.  The  first  question  is  whether  an  increase  in 
1*  will  increase  the  efficiency  of  a  propellant  showing  pressure  effects. 

The  second  question  is  whether  an  increase  in  L*  would  increase  the 
efficiency  of  a  propellant  showing  no  pressure  effects.  Both  questions 
must  be  answered  at  constant  mass-flow  rate  and  chamber  pressure.  Firings 
of  VCP  and  VU  are  scheduled  during  the  next  quarter  to  clarify  these  areas. 

(e)  Propellants  With  TAGNO^  and  AN 

The  propellants  containing  TAGNO3  and  AN  were  signifi¬ 
cantly  less  efficient  than  the  Be/AP/HMX  formulations.  The  average 
efficiency  for  firings  of  VIG  propellant  containing  TAGNO  was  88.5  percent. 
For  the  firings  of  VIN  propellant  containing  AN,  the  average  efficiency 
was  88.0  percent.  Since  the  VIN  formulation  had  both  a  reasonably  high 
flame  temperature  and  high  oxidation  ratio,  the  oxygen  source  is  indicated 
as  an  important  factor.  A  comparison  of  the  oxygen  sources  is  also  avail¬ 
able  by  comparing  the  VU  formulation  to  vjLH.  Both  formulations  have  the 
same  oxidation  ratio  and  equivalent  flame  temperatures.  However,  VTH 
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Figure  6. 


Effect  of  Mass  Flow  Rate  and  L*  on  Specific  Impulse 
Efficiency  of  Task  II  Beryllium  Propellants 
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containing  5  percent  NG  in  place  of  AP  gave  0.5  percent  higher  efficiency. 
Based  on  these  results,  a  ranking  of  oxidizer  effectiveness  would  be  as 
follows:  NG,  AP,  BHX,  TAGNO3,  and  AN. 

(£)  Nozzle  Approach  Contour  Effect 

The  effect  of  nozzle  approach  contour  on  efficiency  for 
VCP  and  VU  is  shown  in  Figure  7.  As  shown  the  efficiency  increased  0. 6 
percent  for  VCP  and  0.9  percent  for  VIJ  when  the  approach  angle  was  re¬ 
duced  from  30  to  5  degrees.  Calculations  are  presently  being  made  to  nor¬ 
malize  these  data  for  nozzle  weight  losses.  Based  on  these  data,  the  15 
degree  approach  appears  near  optimum  and  will  he  used  for  the  MBt2  firings 
under  the  final  characterization. 


Figure  7.  Impulse  Efficiency  as  a  Function  of 
Nozzle  Approach  Angle 


(g)  AP  Particle  Size  Effect 

The  effect  of  AP  particle  size  on  efficiency  for  the 
VU  formulation  is  shown  in  Figure  8.  The  efficiency  increased  1.0  percent, 
from  180  u. to  45/i.AP.  All  of  the  IMH-2/AP  foimulations  contain  90/tAP. 

These  data  indicate  approximately  0.5  percent  increase  in  efficiency  could 
probably  be  realized  with  the  Hffi-2  formulations  if  45 p  AP  could  be  mcor- 
porated.  Use  of  45^AP  in  IMH-2  formulations  is  not  presently  possible  due 
to  the  processibility  considerations. 
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Figure  8.  Impulse  Efficiency  as  a  Function  of  AP 
Particle  Size  in  VIJ  Formulations 


2.  IKH-2  Firings 

Only  limited  data  were  available  on  IMK-2  firings.  These  data 
are  shown  in  the  following  tabulation: 

For-mnlation  VTY  (wax  treated)  Vg  CAP  treated) 


IMH-2 

17 

17 

T 

3678 

3678 

c 

OR 

1.22 

1.22 

No.  fixings 

1 

1 

P 

671 

1192 

c 

m 

6.71 

9.23 

Z* 

112 

130 

Efficiency 

90.2 

89.16 

T  15 

Isp  1000 

278.6 

275.4 
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As  shown,  the  delivered  impulse  of  VXY  containing  wax-treated 
IMH-2  was  278.6,  only  1.4  sec  below  target  impulse.  The  efficiency  of  the 
VXY  containing  AP-treated  IMH-2  was  approximately  1  percent  less  than  the 
wax  material,  as  predicted  by  the  combustion  bomb  shown  in  Report  No. 
AFRPL-TR-66-11.  The  efficiency  of  the  VIY  formulation  was  approximately 
1  percent  lower  than  predicted  from  the  beryllium  correlation  in  Figure  3. 

During  the  next  quarter,  IMH-2  firings  of  the  selected  propellants 
should  provide  the  formulation  and  motor  guidelines  necessary  to  optimize 
delivered  impulse  and  meet  the  program  objectives.  Correlation  studies 
will  be  continued  with  beryllium  and  IMH-2  systems  as  additional  data  be¬ 
come  available. 
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SECTION  III 

TASK  II,  FORMULATION  AND  BALLISTIC  EVALUATION 


A.  SCOPE 

Task  II  will  comprise  the  majority  of  the  program  effort.  The  objec¬ 
tive  of  this  task  is  to  formulate  and  test  candidate  high-performance  pro¬ 
pellant  systems  selected  under  Task  I.  This  task  will  utilize  both 
beryllium  control  and  analog  formulations  as  well  as  IMH-2  formulations. 
Approximately  37  IMH-2  and  90  beryllium  motors  will  be  evaluated  under  this 
task.  The  test  motors  shall  contain  a  nominal  10-  to  15-lb  propellant 
charge  and  exhibit  mass  flow  rates  of  approximately  5  lb /sac  or  greater. 

The  task  will  be  divided  into  two  phases.  In  phase  A,  a  formulation 
screening  will  be  conducted,  with  the  bulk  of  the  motors  to  be  fired  at 
approximately  1000  psia  exhausted  to  Bacchus  ambient  pressure  (  ~  12.2  psia) 
with  optimum  expansion  ratio.  Phase  B  will  more  extensively  characterize 
selected  high  performance  formulations.  Table  IV  contains  a  breakdown 
of  various  areas  to  be  investigated  under  Task  II. 

TABLE  IV 


TASK  II,  FORMULATION  SCREENING 


Subtask 

Purpose 

No.  Firings 
(Be) 

No.  Firings 
(IMH-2) 

Phase  A 

II-6 

Efficiency  correlations  with  Be 
propellants 

51 

— 

II-7 

Oxidizer  particle  size  studies  with 
Be  propellants 

9 

— 

II-8 

Optimum  nozzle  geometry 

12 

— 

II-9 

Increased  L*  studies 

4 

10 

H-10 

IMH-2/AB  propellants 

— 

6 

11-11 

IMH-2/AN  or  HMX  propellants 

— 

10 

Phase  B 

11-12 

Characterization  of  selected  Be  and 
IMH-2  propellants 

4 

11 
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B.  .  LABORATORY  FORMULATION  AND  PROCESSING  STUDIES 

1.  Beryllium  Propellants 

All  laboratory  formulation  work  was  completed  on  the  beryllium 
analog  propellants  during  the  second  quarter.  The  pertinent  data  are 
summarized  in  Table  V. 

During  this  quarter,  a  problem  was  encountered  with  marginal  pro- 
cessibility  of  the  initial  castings  of  VIN  and  VU  (45^.)  formulations  in 
the  pilot  plant.  The  processing  problem  with  VIN  was  solved  by  removing 
25  percent  of  the  fines  from  the  AN  oxidizer.  For  VU,  a  heated  mix  cycle 
was  partially  successful  in  improving  processlbility. 

2.  IMH-2  Propellants 

Laboratory  formulations  and  processing  studies  continued  on  the 
four  IMH-2  propellants  selected  for  characterization  based  on  the  Task  I 
correlations.  Table  VI  contains  a  summary  of  these  propellants. 

Previous  work  with  conventional  IMH-2  double-base  propellants 
has  shown  that  processihility  becomes  marginal  at  15  percent  IMH-2  loadings 
for  most  IMH-2  lots.  As  a  result,  posttreatment  methods  were  investigated 
as  a  means  to  increase  IMH-2  loadings.  Of  the  various  methods  tried,  wax 
coatings  and  xecrystallization  of  AP /IMH-2  from  an  AP-s: turated  water  dis¬ 
persion  showed  the  most  promise.  Additional  details  of  these  posttreatments 
are  given  in  Report  No.  AFRPL-TR-66-11. 

During  this  quarter,  major  emphasis  was  placed  on  three  propel¬ 
lants,  VJA,  VTX,  and  VIY  (with  waxed  and  with  AP-treated  IMH-2).  Laboratory 
work  consisted  of  evaluating  the  processing  characteristics  of  vacuum 
baked  (posttreated)  IMH-2  in  the  candidate  formulations.  The  following 
IMH-2  treatments  were  evaluated: 

(a)  Ground  and  vacuum  baked  IMH-2 

(b)  Wax-coated  IMH-2  (1  percent  wax  coatings) 

(c)  AP-treated  IMH-2 

Table  VII  shows  a  summary  of  data  obtained  from  300-gm  mixes 
using  various  posttreatments.  The  first  series  of  mixes  shown,  69-65 
through  60-69,  used  lots  95  and  95A  in  the  FIQ  formulation.  The  FIQ 
formulation  is  being  used  for  motor  evaluation  under  Contract 
AF  04(611) -10742  and  is  reported  here  to  provide  additional  data  on  IMH-2 
processing. 

Propellants  made  with  these  lots  were  consistently  porous  when 
made  with  IMH-2  which  had  been  vacuum  baked  4  to  8  hr  in  addition  to  the 
4 -hr  Ethyl  bake.  However,  when  the  bake  cycle  was  extended  to  16  to  22  hr. 


CONFIDENTIAL 


BERYLLIUM  PROPELLANTS  FOR  IMPULSE  EFFICIENCY  STUDIES 


CONFIDENTIAL 


1 

s. 

? 

c 

• 

o. 

o 

u 

a. 

© 

> 

© 

o'  «>®  o  « 

O'  N  «  N  P"N  O  •  O  ©  _ 

o  o  w  mm  -mo—  n®om«  —  <r  O  On 

-.©»«  --00*0  on«o  mm  wna-jnn-j  m  ©  «*n 

on  •  •  «  —  n  •  •  i  -  o>  «  -  -  ■  «  OO  *  * 

—  a  to  m  —  —  —  n  Mm  —  —  m  —  o  n  —  —  ru  —  o  o 

c 

a 

« 

o. 

a 

•« 

a. 

•a 

« 

M 

3 

u 

U 

o 

• 

<9 

« 

£ 

e 

o  i 

a 

c 

*. 

1 

c 

— 

c 

« 

a 

© 

O 

u 

o. 

T3 

40 

b 

3 

O 

c 

3 

u 

3 

MM 

o  a 

XI 

<S  U 
u  a 

J3  4 

e  e  ** 

0  3  4 

—  cm 

■3  •  o 

i|| 

2 

> 

*31  46 

3  K  ~  „ 

w  n  ton  m  *o  n  m  ni 

©  ©  m  O  -  eo  —  n-  -P/mm  -  —  n.  ...  m  <o 

-  .  -  .  1  •  O  ©  ©  m  1  —  mem  mm  —  cm  ©m  cm  >o  —  !  | 

0-»0m  «  *  ....  1  «6N  •  .  .wow  •  wio  w  ■  •  ■  ■  • 

—  m  —  m  co  —  —  m  eg  n  w  —  m  m  o  cm  —  ©O 

a 

> 

CO 

Sr  m 

»  CM  — 

«  nco  ^  o  m  .mm 

O  C  OO  Mh.  -J-  WB3  N  ID  N  N  m 

-■»•-•-©©©•  co-o<o«  go  cm  -  a  <  cm  m  —  m  mi 

OO  i  i  O'  i  <r  •  •  •  i  r»  e  -  *  nw«v«  vOvr>  w  ontN  ■  i 

—  m  m  —  —  —  m  cm  m  —  —  —  .*  A  <v  —  re  pj  -r  O 

s 

> 

CO 

&  m 

a>  «  m  m 

cm  ex.  n.  —  o  m  -  m  m 

O  O  mm  -  ©  m  r-  —firm  «S|©  cm  r- 

..»i-  -  o  o  o  i  —  cm  -o  —  mm  «  -  a  o«o— i  ©  ■  • 

o©  i  in-  m  -  .  •  i  ®  eo  -  •  ■spo»s/(Dm«0'>'n  ©  cm  vr  <  i 

—  m  m  —  —  —  m  cm  m  —  —  m  cm  a  cm  —  m  cm  m 

— 1 
> 

m  n 

©  a»  S  o*  m.  om 

•  —  mm  m  .  O'  cm 

omoo  O  -co  —  m  '0®MN'O  o  n  _  n  ® 

.  •  O  ©  m  i  •—*©•“•  cm  m  cm  -c  •  a  f-  —  m  —  ©  «n 

O  CO  03  CO  ■  1  CM  «  -  •  1  ®  O  '  •  -vow®  VOVNW  «noo  *  • 

—  m  —  —  —  —  —  —  cm  ©  —  —  m  mt  a  ni  o  ^  (M  a© 

XL 

> 

3  s 

c  _  _  »Si  m  m  ^ 

w  m  oos  mmcMcom 

©mo  ©  -  O'  CM  g©  -OS/-OCM  O'  n-  ni  £ 

O  re  -I  1  1  ...  •  n.  —  •  -  •  wo>^>0  wo  wp.  w  CO  O'  *  * 

—  mm  —  —  —  —  cm  -cf  —  —  m-ff^cM—  ©mm  — © 

3 

> 

'Z  - 

©  CO 

CO 

mc  o  n»m  ©  —  m 

omm  in  .  m  cm  e  —  Si  eo  *n  O  _  go  ...  *0 

ON  N  1  1  1  in  •  •  •  •  CM  —  .  .  .SCOMC  •  1  H  M^N-  >C  •  •  *  *  1 

—  mm  —  —  —  cm  cm  -o-  —  —  »©  -r  o  ni  —  o 

3 

> 

®  c-g 

<©  m  -|e  * 

w  ^  r^—  ^  nj  153  n  <n  cm  j  jc 

omm  m  -  m  cm  c  —  Si  cm  ©  *o  ©  r~  m  n- 

•■•III  -OOrnl  MM  r^H  m  MT  Cl  •  a  H  «  NM 

opin  i  i  i  *n  •  ■  -  i  n.—  •  #  .wmwmw— wcw  re  re  n  .  • 

—  mm  —  —  —  cm  cm  -tf-  —  —  m  cm  a  ni  —  ©  cm  m  o  © 

a 

>• 

^  • 

m  _ 

MC  -J  r*»—  m  0—0  w. 

Omm  m  -  m  cm  e  —  s>  ®  m  Or.  ...  ® 

-  •  *1  •  1  -  O  O  m  •  NM  Nc<  mCM  00  CM  1  CM  CM  CM  —  III  N  1 

—  mm*  "  ’  —  —  — pm*  m3——  «vnwo  *  nvSw  O 

M 

> 

©•  © 

©  «  Omm 

g— »  N  O'  O  a  ®  •  ©  ■» 

omm  m  —  m  e  cv  m  o  m  ©  e  o© 

. ©  O  m  i  #n*o  —  —  -  A—  —  sr—  n~  mm 

inNN  i  •  i  m  *  •  •  ■  no*  •  •  —  sew  w«>cinwN%c  *o  e  •  « 

—  cm  m  -  — —  n  pm  m  —  —  —  m  a  ni  —  ©mm  oo 

a 

> 

®  pg 

«r»  „  m 

-©  co  e>  «m  —  — . 

W  o  CO  ©  N  m  •  eo  o 

Omm  m  •  m  —  m  reftNcue  6  n  n»© 

.  .  -  i  •  i  -o©  m  i  eo  ©  r—  —  m  o  -  *  -r  cm  cm  —  m  -j  ©  mt 

O  CO  ni  i  »  i  m  •  •  -  i  rM—  .  .  — cm  v^^O'-'rsv  ©  cm  ©  »  - 

—  mm  —  —  —  —  n<9  —  —  —  m  a  ni  —  —mm  oo 

o' 

o  o 

res  aC 

2  S  me 

z  -  -5  |2 

U  4J  a  —  b  41  D 

— .  .  C  <U  —  ©  0  —  & 

»t  O  «  mnso-^c—  . 

*  w  OC  S  «  U  n  t 

—  m.  cn  JC  W  M  nftn  4  « 

%4.<M  N.  cm  jd  —  c  —  ai  —  g— —  *  — 

■So  o  -  *v  m  iiofl*ca.®i"*« 

H  OH  n*  *  B  —  9. — -  —  •  OO.CG.  a  O. 

c  0  3  N  —  —  — '  A  U  *!■«  4IM  HWDV  *1 

o  -  a  o  —  «v  a  — e«o—  e»©—  *©« 

■—  o  —  u  •  oOreg  u  —  O  O  —  C  O  3»  fl  —  •  w  ©  C 

—  jfc  ©•mo.  <  —  ©  >jj  —  k  3  *  v—  —  —  •  s  ©• 

a  a.  iso  Hi  a.  —  —  o  S  *  —  u  m  —  ©  —  •«  «  —  cc—  M—  s 

—  •— ■  o’!  m/  p  o  i  g—  Sb  >  —  b  u  omo  wc  unco  c  o 

s  K  ©  •  S  SC  m  ©  —  b;  —  n.  —  u  m  «  —  com  —  E>  ©• 

essslsass^gs  S^S<^6  £  S  l  3  j.S££  |.£ 

£  a  0<  B 

CONFIDENTIAL 


CONFIDENTIAL 


TABLE  VI 

IMH-2  JORMOLATIOHS 


Propellant  Type 

VIX 

VIY 

VIZ 

VJA 

Formulation  (wt  7.) 

10.0 

NC 

10.0 

10.0 

10.0 

NG 

50.0 

50.0 

50.0 

50.0 

AP 

23.0 

21.0 

19.0 

— 

HMX 

-- 

— 

— 

24.0 

IMH-2 

15.0 

17.0 

19.0 

15.0 

Res 

1.0 

1.0 

1.0 

““ 

2-KDPA 

1.0 

1.0 

1.0 

1.0 

Theoretical 

Isp  (1000/14.7) (sec) 

Tc  (°K) 

303.7 

308.9 

313.8 

309.3 

3678 

3679 

3672 

3621 

p  (gm/ce) 

1.356 

1.319 

1.234 

1.355 

Oxidation  ratio 

1.342 

1.219 

1.113 

1.146 

nonporous  grains  were  obtained.  When  mixes  94-58,  94-59,  and  94-65  were  made 
with  lot  96  baked  4  to  8  hr,  they  were  also  porous.  Mix  94-67  used  lot  96 
with  an  8-hr  bake  cycle  prior  to  wax  treatment  and  was  nonporous.  It  should 
be  noted  that  in  effect  the  wax  treatment  provides  an  extended  bake  cycle 
with  the  volatile  wax  solvent  being  stripped  off  under  full  vacuum  for  16 
hr  at  70°  C.  Based  on  the  above  results,  it  appeared  that  extended  baking 
cycles  would  be  necessary  to  eliminate  porosity  for  propellants  made  without 
AP-treated  or  wax-treated  IMH-2  (for  some  IMH-2  lots) . 

Additional  mixes  of  the  FIQ  formulation  were  made  with  the  extended 
baked  lot  95A  and  with  the  VIX  and  VJA  formulations  using  extended  baked 
lots  96  and  97.  The  resulting  grains  were  nonporous.  The  VIY  formulation 
was  also  successfully  made  using  AP-  and  wax-treated  lot  96.  Hie  IMH-2 
was  baked  8  hr  prior  to  AP  treating.  Extended  baking  cycles  and  wax  treating 
were  also  applied  to  lot  93  with  the  VJA  formulation.  The  resulting  grains 
were  porous,  however,  and  this  anomalous  lot  is  still  under  investigation. 

Two  additional  posttreatments  were  also  investigated.  In  the 
first  treatment,  lot  95A  was  water  washed  overnight  at  25°  C.  The  resulting 
material  gave  a  nonporous  grain  (mix  94-36).  The  second  method  consisted  of 
an  acetonitrile-EMX  wash.  The  resulting  material  was  incorporated  in  the 
VJA  formulation  (mix  94-78)  and  gave  a  porous  grain. 

Because  of  its  simplicity  and  success,  the  extended  baking  cycle 
will  be  used  on  all  IMH-2  lots  without  AP  or  wax  treatment.  For  the  wax-  and 
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AP-treated  material,  an  8-  to  16  -hr  baking  cycle,  coupled  with  the  usual 
16-  to  20-hr  solvent  stripping,  will  be  used. 

Prom  processing  considerations,  castability  is  felt  to  be  marginal 
at  viscosities  above  140,000  cps  because  of  the  thixiotropic  nature  of  the 
propellants.  As  shown  in  Table  VII  all  lots  received  to  date,  with  the 
exception  of  lot  93,  can  be  processed  using  a  heated  mix  cycle  coupled  with 
the  wax  or  AP  treatments  in  VXX ,  V1Y ,  and  VJA  formulations.  The  high 
viscosity  of  lot  93  precludes  its  use  in  the  higher  viscosity  propellant 
VIY. 


A  secondary  study  was  also  conducted  during  the  report  period  on 
the  desorption  of  gas  by  IMH-2  under  vacuum .  This  study  was  initiated 
because  of  the  large  volume  increase  experienced  with  FIQ  propellants 
during  the  pot  deaeration  vacuum  cycle.  Volume  increases  of  as  much  as 
400  percent  were  observed. 

This  large  volume  increase  presents  a  problem  with  the  present 
pilot-plant  mixer  with  a  free-board  limited  to  approximately  150  percent. 

It  was  also  felt  that  the  pre-cure  gassing  might  be  related  to  the  porous 
grain  problem.  As  a  consequence,  a  series  of  tests  were  run  in  which 
various  IMP. -2  lots  were  exposed  to  solvent  under  vacuum  conditions.  Re¬ 
sults  of  these  tests  are  summarized  in  Table  VIII.  The  test  method  con¬ 
sisted  of  placing  50  gm  of  pre-evacuated  solvent  and  12  gm  of  IMH-2  in  a 
slurry  in  a  vacuum  bell  jar.  Vacuum  was  then  applied  and  the  volume  increase 
observed  visually. 

In  Run  No.  1  (Table  VTII)  a  full  vacuum  of  4  mm  Hg  was  applied 
for  a  period  of  40  min  to  lots  95A  and  96  with  various  post treatments.  A 
significant  volume  increase  occurred  with  all  samples  tested  which  were 
exposed  to  NG  solvent.  The  water-washed  lot  S5A  showed  a  volume  increase 
of  400  percent,  whereas  the  wax  and  AP  treated  material  both  showed  approxi¬ 
mately  100  percent  increases.  Lots  95A  and  96,  with  extended  baking  cycles, 
showed  volume  increases  intermediate  to  these  extremes.  Visual  observation 
of  these  tests  indicated  the  volume  change  was  the  result  of  gas  liberation 
coupled  with  a  thick  (high  surface  tension)  film  of  IMH-2  trapping  the  gas 
during  expansion.  Estimates  of  the  volume  of  gas  liberated  were  made  from 
the  volume  increases,  but  could  be  considerably  lower  than  the  actual  amount 
because  of  gas  loss  through  the  film.  It  was  also  noted  in  Run  No.  1  that 
IMH-2  exposed  to  TA  showed  no  gas  evolution. 

Because  of  the  apparent  solvent  differences,  a  compatibility 
problem  between  IMH-2  and  NG  was  indicated.  Micro  tests  were  conducted  to 
collect  and  analyze  the  off  gases  by  gas  chromatography.  The  resulting 
analysis  mowed  only  air  was  liberated. 

Two  additional  runs  were  made  (Table  VIII)  in  which  the  vacuum 
was  incrementally  decreased  beginning  at  40  mm  Eg  to  see  if  the  amount  of 
air  liberated  was  pressure  dependent*  None  of  the  materials  tested,  with 
the  exception  of  the  two  "as  received"  lots,  showed  any  desorption  above 
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20  ram  Hg.  Possibly,  because  of  the  nature  of  the  test,  the  amount  of  gas 
desorbed  with  a  given  material  was  only  partially  pressure  dependent. 

Only  limited  conclusions  can  be  made  free  the  above  tests;  how¬ 
ever,  it  has  been  shown  that  significant  amounts  of  adsorbed  air  were 
liberated  from  IMH-2  under  certain  conditions.  The  data  in  Table  VIII  show 
that  between  1  and  8  cc  of  gas  per  100  gm  IMH-2  at  standard  conditions  were 
liberated,  depending  on  the  various  IMH-2  lot  or  post treatment.  To  obtain 
more  quantitative  results,  the  Ethyl  Corporation  was  contacted  and  recently 
reported  approximately  11  cc  of  air  were  desorbed  from  lot  95A  under  vacuum 
at  room  temperature.*  To  determine  the  effect  of  not  removing  the  adsorbed 
air  on  cured  propellant,  FIQ  mixes  were  made  at  both  Bacchus  and  ABL  with 
evacuation  cycles  at  4C  mm  Hg.  The  ABL  mix  was  made  entirely  under  vacuum. 
The  Bacchus  mix  was  poc  deaerated  only  prior  to  casting.  The  ABL  mix  was 
nonporous,  and  the  Bacchus  mix  showed  slight  porosity  (mix  95-1),  which 
could  have  resulted  from  a  larger  amount  of  air  entrapped  during  mixing. 

Both  mixes  used  lor.  95A  baked  for  16  hr.  Based  on  the  results  to  date,  it 
is  questionable  whether  the  porous  grain  problem  is  related  directly  to 
desorbed  air.  Additional  quantitative  work  is  recommended  to  determine  the 
amount  of  adsorbed  air  present  between  lots  and  with  various  posttreatments. 
The  initial  castings  of  FIQ  and  VIY  will  be  made  using  a  40  mm  Hg  mix  and 
cast  cycle. 

C.  BALLISTIC  TESTING 
1.  Castings 

a.  Beryllium 

A  total  of  34  beryllium  15PC  motors  were  cast  during  this 
report  period.  A  summary  of  the  castings  and  firings  is  presented  in 
Table  IX.  All  grains  were  X-rayed  and  30  were  found  to  be  acceptable  for 
firing.  Minor  processing  problems  were  observed  in  manufacturing  VU 
(45 f±AP)  and  V1N  compositions.  Due  to  thick,  highly  viscous  mixes  the 
compositions  were  difficult  to  cast  and  incorporate.  One  grain  of  each 
composition  was  found  to  be  discrepant  because  of  poor  propellant  consoli¬ 
dation  resulting  from  the  marginal  processibility.  Later  mixes  of  the  V XN 
formulation  were  successfully  processed  with  25  percent  of  the  fines  screened 
out  of  the  oxidizer.  The  VU  (45/* AP)  mixes  were  heated  during  the  mix 
cycle  to  reduce  the  viscosity. 


b.  IMH-2 


Six  IMH-2  15 PC  motors  of  the  VTY  formulation  were  success¬ 
fully  cast  during  this  report  period.  Three  of  the  grains  contained  AP— 
treated  IMH-2,  and  three  contained  wax-treated  IMH-2.  All  castings  were 
made  with  lot  96  IMH-2.  All  grains  were  X-rayed  and  found  acceptable  for 
firing. 

*  Personal  communication  with  Dr.  Fred  Frey  of  the  Ethyl  Corporation 
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TABIE  XX 

SUMMARY  OF  CASTINGS  AND  FIRINGS 


Purpose 

Propellant  Type 

Grain  Type 

No. 

Castings* ** 

No. 

Firings*  F 

Beryllium 

VCP 

Standard 

2 

efficiency 

Mod-1 

1 

studies 

VXG 

Standard 

3 

3 

VIH  (45 //  AP) 

Standard 

VII 

Mod-1 

3 

3 

Mod-2 

3 

3 

VU  (90 p  AP) 

Standard 

1 

Mod-1 

1 

VXK 

Standard 

2 

Mod-1 

3 

VIL 

Standard 

3 

Mod-1 

2 

Mod-2 

1 

VIN 

Mod-2 

3 

VIO 

Mod-1 

S'  ■ 

3 

Oxidizer  particle 

■ 

a 

size  with 

VU  (45ftAP) 

Mod-1 

2 

beryllium  propel- 

(180  ^AP) 

Standard 

3 

3 

lants 

(90/x.AP) 

Standard 

3 

3 

Optimum 

VCP 

Standard 

4 

nozzle 

VU  (90ftAP) 

Standard 

2 

7 

geometry 

with  Be 

Increased  D* 

VCP 

Standard 

2 

1 

studies 

VIY  (wax-coated 

Standard 

3 

1 

Dffl-2) 

VIY  (AP-treated 

Standard 

3 

1 

IMH-2) 

Characterization 

VC? 

Standard 

2 

of  select  propel- 

Mod-1 

2 

lants 

Total 

40 

53 

Firings** 


1 

3 

3 

2 

3 

3 

4 
7 


*Tfcis  report  period 

**To  date 


64 


30 
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2.  Firings 

a.  Beryllium 

A  total  of  51  beryllium  15  PC  motor  firings  were  made  during 
this  report  period.  A  summary  of  the  firings  is  presented  in  Table  IX. 

A  complete  ballistic  summary  of  individual  firings  are  contained  in  Tables 
X  through  XIII.  These  firings  complete  all  but  the  VTN  and  data  confirma¬ 
tion  firings  under  the  beryllium  efficiency  studies  and  complete  the  nozzle 
approach  and  AP  particle  size  studies.  Only  limited  testing  has  been  com¬ 
pleted  on  the  high  L*  studies. 

All  firings  except  one  were  successful.  One  VU  firing 
(IM  2-18)  with  a  15  degree  nozzle  approach  cone  suffered  a  burnthrough  in 
the  forward  end  of  the  motor.  The  burnthrough  resulted  from  leakage  in  a 
pressure  takeoff  fitting,  which  allowed  the  chamber  gasses  to  escape  the 
forward  end  of  the  motor.  The  resulting  burnthrough  left  a  hole  about  2  in. 
in  diameter  in  the  motor. 

A  problem  with  poor  efficiency  resulting  in  apparent  unstable 
burning  occurred  with  the  VIN  firings.  Figure  9  shows  p-K-r  data  based  on 
three  VIN  firings.  As  noted,  an  apparent  slope  change  occurred  in  the  p-r 
and  p-K  curves  above  430  psia.  This  anomalous  behavior  is  also  apparent 
-in  the  pressure-time  curves  for  the  firings  shown  in  Figure  10  and  the 
change  in  the  discharge  coefficients  from  0.0078  sec~T  for  the  low  pressure 
firings  to  0.0064  sec“l  for  the  high  pressure  firing.  One  additional  VIN 
firing  will  be  made  to  explore  this  anomaly  further. 

Firings  made  for  optimum  nozzle  studies  were  observed  to 
have  greater  nozzle  erosion  as  the  approach  angle  was  reduced.  Also  VTJ 
firings  were  observed  to  have  greater  nozzle  erosion  than  VCP.  The  results 
are  shown  in  Figure  11. 

b.  LMH-2 


Two  firings  of  VIY  were  successfully  completed  in  the  high 
I*  studies.  One  firing  each  of  VIY  containing  waxed  Hffl-2  and  AP -treated 
IMH-2  was  made.  Table  XIII  shows  the  ballistic  data  obtained  from  these 
firings.  Figure  12  shows  the  pressure-time  curve  for  the  VIY  (waxed) 
firing.  Both  firings  were  made  at  low  I*  values  of  110  to  130.  As  shown, 
the  wax-treated  material  gave  a  delivered  impulse,  Isp^qOO’  of  278*6  sec 

for  an  efficiency  of  90.2  percent.  The  AP-treated  material  gave  an 
efficiency  of  1  percent  lower.  This  lower  efficiency  was  consistent  with 
the  trend  obtained  by  combustion  bomb  firings  as  reported  in  Report  No. 
AFRPL-IR-66-11.  Duplicate  firings  of  those  previously  described  plus  six 
firings  at  high  L*  values  will  be  made.  In  addition,  two  VCP  and  two  VII 
firings  will  be  made  to  complete  the  L*  studies. 
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Note*  Refer  to  end  ©E  table  fo*  footnote* 
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TABLE  XXI 


AP  PARTICLE  SIZE  STUDY 


Propellant  type 

VIJ-5021 

VIJ-5021 

VIJ-5021 

VIJ-5061 

VIJ-5061 

Motor  Design 

15PC-1 

15PC-1 

15PC-1 

15PC 

15PC 

Grain  No. 

S123B 

S124B 

S125B 

S126B 

S128B 

Firing  No. 

IM2-32 

IM2-33 

IM2-34 

IM2-35 

IM2-59 

Propellant  wt  (lb) 

15.10 

15.07 

15.16 

15.36 

14.27 

Powder  wt  (lb) 

0.05 

0.05 

0.05 

0.04 

0.05 

K  (S/At) 

167.2 

179.7 

181.5 

97.3 

109.4 

ta  (sec) 

2.343 

2.053 

2.305 

1.717 

1.427 

tjj  (sec) 

2.224 

1.902 

2.305 

1.649 

1.314 

(psia) 

Pfc  (psia) 

736 

896 

785 

756 

968 

757 

932 

811 

774 

1014 

Pmax  (psia) 

846 

1065 

911 

838 

1117 

Pamb  (psia) 

12.22 

12.27 

12.27 

12.16 

12.32 

r  (in. /sec) 

0.450 

0.531 

0.465 

0.800 

0.997 

ih  (lb/sec) 

6.45 

7.34 

6.58 

8.95 

10.0 

(sec  -1) 

0.00602 

0.00607 

0.00620 

0.00609 

0.00605 

«  CAe/At) 

9.573 

9.527 

9.555 

9.243 

9.520 

h  <lb£> 

1637 

1892 

1659 

2279 

2637 

Isp  del  /  lb,-sec  \ 

254.2 

257.9 

252.1 

| 

255.0 

264.0 

l  lbm  i 

Theoretical  Isp 
at  firing  conditions 

273.2 

278.3 

275.0 

274.2 

281.0 

Efficiency 

92.98 

92.67 

91.67 

93.00 

93.95 

x  IS 

Isp  ’0C0 

257.9 

257.1 

254.3 

238.0 

260.6 

Isp  del  (c)* 

253.5 

257.2 

251.4 

254.4 

263.3 

Efficiency  (c)* 

92.72 

92.42 

91.42 

1 

92.78 

93.70 

Isp  1000 

257.2 

256 .  ■•••■  253.6 

257.4 

259.9 

Notes:  VIJ-5021  contains  180/rAP,  vj.J-5061  contains  45/xAP 

All  efficiency  values  were  calculated  at  the  actual  firing 
conditions. 


Isp^00  and  Isp  ^Q0  (c)  values  were  calculated  by  multiplying 

efficiency  times  die  theoretical  Xsp  3t  stnndsrd  conditions* 
*Values  corrected  for  powder  embedment 
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TABLE  XIII 


HIGH  L*  STUDY 


Propellant  type 

VIY* 

VIY** 

Motor  Design 

15PC 

15PC 

Grain  No. 

S150BH 

S152BH 

Firing  No. 

IH2-60 

IM2-61 

Propellant  wt  (lb) 

11.34 

11.79 

Powder  wt  (lb) 

0.05 

0.05 

K  (S/Afc) 

100.2 

127.3 

ta  (sec) 

1.690 

1.199 

tb  (sec) 

1.592 

1.106 

Pa  (psia) 

671 

1192 

Pfe  (psia) 

695 

1245 

Pmax  (psia) 

749 

1355 

Pamb  (psia) 

12.27 

12.29 

r  (in. /sec) 

0.823 

1.166 

m  (lb/sec) 

6.71 

9.83 

Cd(sec  _1) 

0.00530 

0.00556 

«  <Ae/At) 

7.446 

9.663 

Fa  <lbf) 

1322 

2778 

Isp  del  /  lb^-sec  \ 

271.5 

283.2 

V  lbm  1 

Theoretical  Isp 
at  firing  conditions 

300.0 

31676 

Efficiency 

90.50 

89.45 

T  15 

Isp  1000 

279.6 

276.3 

Isp  del  (c)*** 

270.6 

282.3 

Efficiency  (c)  *** 

90.20 

89.16 

«*** 

278.6 

275.4 

Notes:  *  Wax  treated 

**  AP  treated 

***  Values  corrected  for  powder  embedment 

All  efficiency  values  were  calculated  at  the  actual  firing 
conditions , 

Isp1000  a:ld  ISP  1000  ^  values  'iere  calculated  by  multiplying 
efficiency  times  the  theoxetica.1  Xsp  &t  standard  conditions. 
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PRESSURE  (PSX) 


500 


FIRING 

12*2-30 


Figure  10.  VIN  Pressure-Time  Traces 
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NOZZLE  HEIGHT  LOSS  (LB) 


Figure  11.  Nozzle  Erosica  Weight  Loss  vs  Approach  Angle 
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Figure  12.  Pressure  and  Thrust-Time  Curves  for  VIY  Propellant 
Containing  Waxed  IMH-2 
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3.  Closed  Bomb  Tests 


Additional  results  were  obtained  from  ABL  on  the  efficiency  of 
UMH-2/HMX  systems  (VJA  type).  These  results  compared  to  those  previously 
obtained  for  the  LMH-2/AP  system  are  contained  in  the  following  tabulation: 


IMH-2/AP 

IMH-2/HMX 

Particle 

Particle 

Size 

p 

Size 

%  IMH-2 

c  (mils) 

Eff 

%  IMH-2 

£c 

(mils) 

Eff 

15 

1000  2.7 

100 

15  (VJA) 

1000 

3.5 

96 

40C  3.3 

97 

400 

4.1 

94 

17  (VIY) 

1000  4.1 

99 

17 

1000 

4.1 

89 

400  4.5 

96 

400 

4.3 

84 

As  shown,  the  breakpoint  for  efficiency 

versus 

LMH-2  loading 

appears  at  approximately  15  percent  for  the  HMX  system  and  17  percent  for 
the  AP  system.  It  thus  appears  that  both  the  VIY  and  VJA  formulations  will 
be  near  the  optimum  delivered  impulse  obtainable. 
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SECTION  IV 

TASK  III,  ADVANCED  CONCEPTS 


A.  SCOPE 

The  objective  of  Task  III  is  to  use  advanced  formulation  or  motor 
techniques  to  study  and  improve  IMH-2  combustion.  Six  IMH-2,  two  beryllium, 
and  one  aluminum  5-lb  motor  will  be  fired.  The  experiments  in  this  task 
will  be  designed  to  evaluate  the  effect  of  the  propellant  combustion  mode 
on  performance.  The  task  will  include  the  following  three  major  areas  of 
effort: 


Cl)  Characterization  of  IMH-2 

(2)  Modification  of  IMH-2 

(3)  Fluorine  addition 
B.  BACKGROUND 

Based  on  the  Task  I  correlations  and  theoretical  calculations,  two 
means  of  promoting  higher  efficiencies  for  IMH-2  propellants  were  origi¬ 
nally  selected  for  investigation  under  this  task.  The  correlations  showed 
that  both  decreasing  the  AP  particle  size  and  grinding  IMH-2  would  increase 
IMH-2  propellant  efficiencies .  This  led  to  the  belief  that  more  intimate 
contact  between  the  oxidizer  and  fuel  might  lead  to  additional  performance 
gains.  One  means  investigated  was  the  pressing  of  LMK-2/AP  binary  mixtures. 
Work  in  the  first  quarter^  showed  pressing  to  be  unattractive  because  of 
the  poor  physical  properties  of  the  pressed  material  and  the  correspondingly 
high  pressures  required  for  consolidation.  Another  means  of  achieving 
intimate  contact,  developed  under  independent  research  and  development 
funding,  was  the  recrystallization  of  IMH-2/AP  from  an  AP-saturated  water 
dispersion.  Initial  attempts  at  incorporating  the  AP-treated  material  in 
propellant  showed  a  marked  improvement  in  processibility  over  "as  received" 
IMH-2.  As  a  result,  emphasis  was  transferred  from  pressing  IMH-2/AP 
mixtures  to  AP  treatment  of  IMH-2.  Other  methods  of  surface  treating  IMH-2 
are  also  being  investigated. 

In  addition  to  more  intimate  contact  to  improve  IMH-2  performance, 
theoretical  calculations  show  that  in  IMH-2  fluorine  systems,  significant 
amounts  of  BeF2  gas  are  formed,  which  may  improve  thrust  efficiency  by 
reducing  particle  lag  effects.  The  possibility  also  exists  that  a  fluorine 
environment  may  improve  IMH-2  combustion  efficiency.  To  study  these 
possibilities,  means  of  introducing  fluorine  into  IMH-2  propellants  are 
being  investigated. 


^Development  and  Test  of  High  Energy  Solid  Propellants,  Report  No. 
HPC-230- 12-5-1,  28  October  1965,  Hercules  Powder  Co,  Magna,  Utah 
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To  provide  support  to  the  Task  II  and  Task  III  efforts,  a  limited 
amount  of  work  is  also  being  done  to  characterize  the  chemical  and  physical 
properties  of  LMH-2  being  used  on  this  and  associated  contracts. 

C.  CHARACTERIZATION  OF  LMH-2 

During  this  report  period  five  new  IMH-2  lots  were  evaluated.  The 
first  two  were  designated  as  95  and  95A  and  were  received  for  motor  evalua¬ 
tion  work  on  Contract  AF  04 (611) -10742.  Lot  95A  differs  from  95  only  in 
that  95A  was  ball  milled  (ground).  Data  obtained  from  testing  of  these  lots 
is  included  in  this  report  to  provide  added  information  on  IMH-2  characteri¬ 
zation. 

The  third  and  fourth  lots  (96  and  97)  were  received  for  use  on  this 
contract.  Received  were  24  lb  of  lot  96  and  20  lb  of  lot  97.  The  first 
three  lots  were  high  purity  IMH-2  (~96  percent)  whereas  lot  97  was  less 
pure  (~94  percent).  Table  XIV  summarizes  analyses  of  these  lots,  along 
with  the  previously  evaluated  lot  93.  All  lots  were  baked  4  hr  at  100°  C 
prior  to  shipment.  The  analyses  provided  by  Ethyl  Corporation  represent 
analyses  on  the  material  prior  to  the  vacuum  baking  operation.  Micromero- 
graph  plots  are  shown  in  Figure  13.  As  shown,  lots  95A,  96,  and  97  had 
very  similar  particle  size  distributions,  but  lot  93  had  a  much  smaller 
distribution. 

A  comparison  of  the  viscosity  of  lots  93,  95A,  and  96  ir  the  VTX  for¬ 
mulation  is  shown  in  Figure  14.  Lots  93,  96,  and  97  are  compared  in  the 
VJA  formulation  in  Figure  15.  As  noted  from  these  two  figures,  all  lots 
differed  markedly  in  their  process ibility  characteristics.  However,  no 
correlation  between  chemical  content,  specific  surface  area,  density,  or 
particle  size  distribution  with  processibility  was  evident.  The  processing 
variance  from  lot  to  lot  of  IMH-2  remains  a  serious  problem.  Additional 
evaluation  of  the  surface  character  of  IMH-2  is  needed. 

D.  MODIFICATION  OF  IMH-2 

The  bulk  of  the  posttreatment  effort  during  the  report  period  was 
devoted  to  preparation  of  material  for  pilot-plant  evaluation.  The 
materials  prepared  are  described  in  the  following  subparagraphs. 

1.  AP  Treating 


Approximately  30  lb  of  AP-treated  IMH-2  were  prepared  in  the 
laboratory  for  motor  evaluation  in  the  VT?  formulation.  IMH-2  lots  96 
and  97  were  used  for  this  work.  The  material  was  prepared  in  600  gm 
batches  using  the  methods  described  in  Report  No.  AFRPL-TR-66-11  in  which 
AP  is  recrystallized  in  an  IMH-2  dispersion.  In  addition,  an  8  to  16  hr 
vacuum-bake  cycle  was  applied  to  the  !'as  received11  IMH-2  prior  to  treating. 
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ANALYSIS  OF  LMI?-2  LOTS 


m 

CM 

os 

cn 

✓V 

vO 

1 

cn 

^4 

r*H 

MJ- 

o 

1 

v0 

co 

OJ 

• 

1 

■ 

■ 

• 

• 

• 

l 

o> 

>— y 

CM 

CM 

cn 

o 

o 

o 

^4 

© 

Os 

i — 1 

o 

m 

O 

i 

pi 

1 

CO 

CM 

cn 

r-» 

CM 

1 

XJ 

I 

• 

1 

m 

• 

• 

• 

• 

•w 

CO 

o 

o 

m 

CM 

CM 

r->. 

os 

m 

sO 

CM 

't 

O 

in 

o 

cn 

rH 

CM 

1 

1 

1 

vO 

03 

l 

st 

r- 

CM 

cn 

o 

O 

o 

O' 

r4 

o 

vO 

sf 

CM 

Os 

1 

-t 

1 

<r 

CM 

H 

CM 

cn 

1 

X3 

1 

1 

CM 

o 

o 

o 

un 

r—4 

T~ 1 

CM 

o 

z 

o 

Os 

0 

\C 

m 

\D 

•O' 

✓— v 

m 

s© 

T-4 

cn 

I— 1 

i 

I 

x> 

03 

• 

• 

• 

• 

• 

• 

«— 1 

i 

1 

v-y 

m 

r- 

»— ( 

CM 

© 

o 

-H 

© 

os 

i-H 

z 

cn 

o 

o 

MS 

< 

i 

o 

l 

ao 

r-4 

i-H 

CM 

n 

1 

m 

JO 

i 

• 

f 

• 

• 

• 

• 

• 

1 

os 

CO 

cn 

o 

o 

o 

CO 

«— 4 

r— 1 

CM 

CO 

o 

f-4 

y-s 

i 

CM 

t 

i 

1 

1 

1 

in 

as 

1 

XI 

i 

• 

t 

i 

1 

1 

1 

■ 

• 

1 

w 

r«- 

o 

cn 

in 

os 

r-» 

<t 

T—l 

“t 

y-s 

>t 

CO 

o 

CM 

I— 4 

o 

i 

i 

i£) 

>«✓ 

o 

Pi 

H 

cn 

o 

o 

o 

o 

a\ 

m 

D 

1 

5s  O 

JC  w 

2^ 

c 

a> 

03 

a> 

y—s. 

4-1  C3 

CX  PQ 

4J 

£ 

■W 

ao 

o 

u 

CO 

0) 

T3 

•H 

U 

v—y 

a ) 

Sn 

X3  xa 

•o 

0 

CO 

03 

>v 

03 

>* 

m 

1—1 

« 

4-1 

a  a 

N  N 
►»  >> 

4-> 

t—4 

T— 1 

X 

■S 

G? 

CO 

3-i 

•H 

c 

03 

0 

o 

r— 4 

< 

03 

0) 

2) 

4J 

-X 

-X 

o 

c 

*H 

CM 

> 

r-4 

—4 

H 

4-1 

i-H 

a>  >— v 

O  r~v 

-a 

i 

~T-t 

X 

< 

< 

03 

cd 

o 

O  E 

o  o 

a 

S 

Jj 

4-1 

i— i 

1-4 

03  oo 

u 

u 

X 

o 

0 

a> 

0 

o 

o 

■u 

1+4 

at  *->%. 

CO 

3 

c 

PQ 

PQ 

PQ 

H 

> 

3h 

3-i  CM 

Z3  E 

c 

03 

3  e 

u  00 

H 

P-i 

CO 

H  w 

v-y  v— ' 

45 


LOT  TESTED 
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Figure  14.  Viscosity  as  a  Function  of  Shear  Rate  for 

Various  Ball-Milled  IMH-2  Lots  in  VIX  Propellant 
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Figure  15.  Viscosity  as  a  Function  of  Shear  Rate  for  Various 
Ball-Milled  LMH-2  Lots  in  VJA  Propellant 
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2.  Wax  Treating 


Approximately  10  lb  of  wax-treated  IMH-2  were  also  prepared  in 
the  laboratory  for  motor  evaluation  in  the  V1Y  formulation.  The  IMH-2  was 
waxed  in  250-gm  batches  by  applying  Consolidated  Electrodynamics '  high- 
vacuum  wax  No.  18792  from  a  volatile  solvent.  The  same  vacuum-bake  cycle 
as  used  for  A?  treating  was  applied  to  the  IMH-2  before  wax  treating. 

E.  FLUORINE  ADDITION 

Work  was  initiated  during  the  report  period  on  the  best  means  of  intro \ 
ducing  fluorine  into  conventional  IMH-2  containing  double-base  propellants. 

The  first  method  explored  was  the  direct  addition  of  Teflon  into  a  VlX-type 
matrix.  However,  small  mixes  showed  that  because  of  its  small  contact 
angle,  the  Teflon  was  difficult  to  wet  and  required  large  amounts  of  excess 
solvent  to  adequately  incorporate.  An  alternate  method  investigated  was 
the  incorporation  of  the  low  molecular  weight  Viton  LM.  Table  XV  summarizes 
theoretical  calculations  performed  on  IMH-2,  Be,  and  A1  propellants  contain¬ 
ing  Viton.  As  shown,  at  the  16-  to  20-percent  Viton  level  significant 
amounts  of  the  metal  fluorides  are  formed  with  all  three  metal  fuels. 

Initial  formulation  screening  was  conducted  on  the  three  fuel  systems. 

The  Viton  was  dissolved  in  solvent  (NG  or  TA)  at  120°  F  and  incorporated 
into  the  propellant  matrix.  Concentrations  of  up  to  20  percent  Viton  were 
incorporated.  Table  XVI  summarizes  the  formulations  made  to  date.  For  the 
IMH-2  and  A1  formulations,  some  disproportionation  of  ingredients  was  evident, 
and  minor  formulation  changes  will  be  required. 
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FLUORINE  ADDITION 
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VITON  FORMULATION  STUDIES 
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SECTION  V 


INDUSTRIAL  HYGIENE 

The  operations  involving  Be  were  monitored  to  ensure  compliance  with 
industrial  hygiene  requirements  as  well  as  safe-handling  procedures  for 
explosives.  All  work  areas  aud  equipment  were  inspected. 

All  employees  who  performed  operations  involving  Be  were  examined  by 
a  medical  department  physician  during  this  reporting  period.  There  were  no 
unusual  incidents  involving  Be. 

Air  samples  were  obtained  during  all  Be  operations  and  analyzed.  The 
air  sampling  data  will  be  forwarded  to  Captain  Owen  H.  Kittilstad, 
Industrial  Hygiene  Officer,  Edwards  Air  Force  Base,  California. 


52 


CONFIDENTIAL 


SECTION  VI 
FUTURE  WORK 

Work  to  be  accomplished  during  the  next  report  period  will  include  the 
following: 

(1)  Casting  and  firing  of  the  remaining  l.PC  motors  of  the 
beryllium  analog  formulations  along  with  the  beryllium 
motors  for  the  L*  evaluation 

(2)  Casting  and  firing  of  the  15PC  motors  of  VIY  for  the  L* 
evaluation  as  well  as  the  VIX,  VJA3  and  VIZ  formulations 

(3)  Casting  and  firing  of  Al,  Ee,  and  LMH-2  5PC  motors  for  the 
fluorine  addition  studies 

(4)  Additional  work  on  the  characterization  and  modification 
of  IKH-2 
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SECTION  VII 

CONCLUSIONS  AND  RECOMMENDATIONS 

Conclusions  drawn  and  recommendations  made  as  a  result,  of  work  done 
during  this  report  period  are  as  follows: 

(1)  The  impulse  efficiency  of  beryllium  propellants  was  found 
to  be  dependent  on  both  flame  temperature  and  oxidation 
ratio.  High  efficiencies  at  high  metal  levels  (15.5  percent 
Be)  can  be  achieved  by  maintaining  a  high  oxidation  ratio 
and  high  flame  temperature. 

(2)  Efficiency  losses  of  0.3  to  0.9  percent  were  observed  for 
high-metal  (14  to  15.5  percent  Be)  propellants  containing 
AP  as  the  primary  oxidizer  when  the  pressure  was  decreased 
from  1000  to  500  psia.  No  efficiency  losses  were  obtained 
with  low-metal  (10  to  52  percent  Be)  propellants  containing 
the  mixed  oxidizer,  AP/HMX.  Propellants  shoving  efficiency 
losses  with  pressure  also  showed  strong  L*  effects  on 
efficiency.  Additional  data  analysis  must  be  made  before 
the  loss  in  efficiency  with  decreasing  pressure  is  under¬ 
stood. 

(3)  Additional  testing  must  be  preformed  to  clarify  the  effect 
on  efficiency  of  increasing  L*. 

(4)  Initial  testing  of  the  VIY  formulation  containing  17  percent 
LMH-2  resulted  in  delivered  impulses  within  1  sec  of  the 
program  objective.  The  wax- treated  LMH-2  gave  a  1  percent 
higher  efficiency  than  AP-treated  IMH-2  in  the  VIY  formula¬ 
tion. 

(5)  Significant  amounts  of  adsorbed  air  were  found  to  be  re¬ 
leased  from  "as -received"  IMH-2  with  exposure  to  NG  under 
vacuum  conditions  during  the  process  cycle.  Elimination 

of  the  majority  of  this  air  is  necessary  to  produce  nonporous 
grains.  Vacuum  baking  for  extended  periods  (16  hr  at  100°  C) 
was  also  found  to  be  necessary  to  eliminate  porosity. 

(6)  AP  treating  and  wax  treating  of  IMH-2  continued  to  be 
effective  means  of  improving  the  processibility  of  propel¬ 
lants  containing  high  IMH-2  loadings. 
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IMH-2  propellants. 
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